Quantitative sleep stage analyses as a window to neonatal neurologic function ABSTRACT Objective: To test the hypothesis that neonatal sleep physiology reflects cerebral dysfunction, we compared neurologic examination scores to the proportions of recorded sleep/wake states, sleep depth, and sleep fragmentation in critically ill neonates.
sleep-including analyses of sleep stages, depth, and fragmentation-showed associations with neurologic examination scores. Quantitative PSG analyses may add useful objective information to the traditional neurologic assessment of critically ill neonates. Neurology ® 2014;82:390-395 GLOSSARY FFT 5 fast Fourier transform; NICU 5 neonatal intensive care unit; PSG 5 polysomnography.
Assessment of functional brain integrity is challenging for sick neonates, whose repertoires of signs of neurologic health or dysfunction are limited. The neonatal neurologic examination is based largely on behavioral observation and assessment of brainstem reflexes during wakefulness. Each day, however, newborns' brains actively create sleep for twice as many hours as wakefulness. Sleep as a complex and highly regulated neurologic function has barely been analyzed for neonates and is typically not systematically assessed by standard clinical neurologic evaluations.
Emerging evidence centered on sleep-disordered breathing suggests that abnormal sleep physiology later in infancy is associated with adverse neurologic and behavioral outcomes. As early as 6 months of age, seemingly healthy infants with frequent snoring, a sign of abnormal sleep, have lower cognitive development scores than those without parent-reported snoring. 1 Symptoms of sleep-disordered breathing, even when isolated to the first year of life, are associated with subsequent adverse behavioral outcomes during elementary school ages. 2 These data support the hypothesis that for infants and children, abnormal sleep could have a lasting negative impact on brain development.
Our objective was to test the hypothesis that disordered sleep in the neonatal period is associated with concurrent CNS dysfunction. We studied critically ill neonates whose brains, by virtue of their age and medical condition, may be particularly vulnerable to sleep disruption or eloquent in reflecting effects of dysregulated sleep. We used full polysomnography (PSG), a gold standard for characterization of sleepwake states, in combination with quantitative analyses rarely applied in neonates, in an effort to identify new objective parameters that could shed light on neonatal sleep physiology and distinguish newborn infants at risk for suboptimal neurodevelopment.
METHODS Standard protocol approvals, registrations, and patient consents. This study was approved by the University of Michigan Institutional Review Board and a parent of each infant provided written informed consent. Term or near-term neonates (estimated gestational age $35 weeks) admitted to our neonatal intensive care unit (NICU) between March 2010 and March 2013 and judged clinically to be at risk for seizures, according to published guidelines, 3 were candidates for participation. Exclusion criteria were prematurity, suspected or confirmed genetic syndrome that would affect neurodevelopment, and markedly abnormal EEG background, such as burst-suppression, that would preclude identification of sleepwake cycling.
Demographic and clinical information was collected and standardized neurologic examinations were performed by a pediatric neurologist (R.A.S.) on the day of the PSG. Examination findings were analyzed by computing Thompson scores. 4 The Thompson score incorporates the major components of the neonatal neurologic examination (mental status, brainstem reflexes, movement, tone, tendon reflexes, and primitive reflexes), as well as the presence of clinically apparent seizures and assessment of the fontanelle. The Thompson score includes mental status, but is not otherwise designed to assess sleep-wake state characteristics. Low Thompson scores are associated with favorable neurodevelopmental prognosis among infants with hypoxic ischemic encephalopathy. 4 PSG commenced once the infant was medically stable. The complexity of clinical care required by these infants did not permit standardized PSG start times, though nearly all (24 of 28) were recorded during the night. Each infant was monitored in the NICU with an 8-to 12-hour formal, attended, PSG. A sleep technologist was present at the infant's bedside to record detailed behavioral observations throughout the PSG. In addition to the 9-channel neonatalmontage EEG, other channels included bilateral electro-oculogram, chin surface EMG, chest and abdominal excursion (inductance plethysmography), nasal pressure, nasal/oral airflow (thermocouples), snoring sensor, oxygen saturation, ECG, bilateral anterior tibialis surface EMG, digital video, and transcutaneous CO 2 . PSGs were scored offline by a single experienced, registered polysomnographic technologist, according to standard neonatal scoring rules, 5 and reviewed by a board-certified sleep medicine physician. These individuals were blinded to the neurologic status of the infant.
For each infant, the proportion of each sleep-wake state was calculated. The entropy of the sequences of sleep-wake state transitions (combining active and quiet sleep into one "sleep" indicator) and sleep stage transitions (considering active and quiet sleep separately, but excluding indeterminate sleep) were calculated using the Walsh spectral entropy method. 6, 7 In this context, entropy measures the predictability of a temporal pattern. Lower entropy values suggest more regularity or uniformity in the temporal patterns of sleep stage transitions, while higher values indicate diminished regularity or predictability. This approach quantifies patterns of temporal regularity of a categorical time series without requiring numerical encoding (scaling) of the (categorical) sleep stages.
Power spectra from the EEG portion of the PSG were also quantified, using the Welch method for fast Fourier transform (FFT) 8 (each 30-second epoch of EEG signal, sampled at 256 Hz, was divided into 8 sections with 50% overlap; each section was windowed with a Hamming window to reduce spectral leakage; and 8 modified periodograms were computed using the FFT and then averaged to reduce noise). The 30-second window was selected to correspond to the scored sleep epochs, which are 30 seconds in duration. The Spearman correlation of these results with standardized neurologic examination (Thompson) scores was calculated, adjusted for gestational age and for postmenstrual age at the time of the PSG.
Conditional stage transition probabilities, which characterize the chance that an infant in one sleep-wake state will transition to a specific, different, sleep-wake state, were also calculated and tested for correlation with Thompson scores. The estimate of the conditional probabilities for transitioning from one sleep-wake stage (stage "A") to another (stage "B") was computed by dividing the number of occurrences of stage "B" after stage "A" by the total number of transitions from stage "A" to any other stage.
All computations were performed in MATLAB (MathWorks, Natick, MA).
RESULTS
Twenty-eight newborn infants (15 male) were studied. Clinical and demographic characteristics are presented in table 1, as are summary statistics for the PSGs.
An increased fraction of quiet sleep correlated with worse neurologic examination scores (Spearman rho 5 0.54, p 5 0.003), but the proportion of active sleep did not (p . 0.1; table 2 ). An increased proportion of wakefulness showed a trend toward correlation with lower (more normal) neurologic examination scores (rho 5 20.34, p 5 0.053). The duration of individual sleepwake state bouts (i.e., how long an infant remained in a particular state before transitioning to a different state) was not associated with examination scores (p . 0.1).
Higher sleep-wake state entropy was associated with lower (better) examination scores (rho 5 20.43, p 5 0.023), but specific sleep stage entropy (considering active and quiet sleep separately) did not reach significance (rho 5 20.25, p5 0.19). Decreased EEG delta power during quiet sleep, but not the EEG power at other frequencies, was also associated with worse examination scores (table 3 and figure 1). These results remained significant after adjusting for gestational age at delivery or for postmenstrual age at the time of the PSG recording.
Thirteen infants received phenobarbital for suspected or confirmed neonatal seizures, but only 3 had a seizure during the PSG recording (1 with 2, isolated, brief focal seizures; 1 with intermittent seizures during a 25-minute period; and 1 with a single 6-minute focal seizure). Logistic regression showed that treatment with phenobarbital was not associated with Thompson score (p 5 0.71), fraction of quiet sleep (p 5 0.18), EEG delta power during quiet sleep (p 5 0.48), or sleep-wake state entropy (p 5 0.89).
In univariate analyses, Thompson scores were associated with the fraction of quiet sleep (linear regression model r 2 5 0.23, p 5 0.01), the EEG delta power during quiet sleep (r 2 5 0.20, p 5 0.018), and sleepwake state entropy (r 2 5 0.19, p 5 0.02). There was some colinearity between fraction of quiet sleep and delta power (Spearman rho 5 0.64, p 5 0.003) and between percent quiet sleep and sleep-wake state entropy (rho 5 20.55, p 5 0.003). Delta power was not correlated with sleep-wake state entropy (rho 5 0.19, p 5 0.34). A multiple linear regression model including all 3 of these variables explained more of the variance than did any one predictor alone (r 2 5 0.32, p 5 0.02).
Conditional stage transition probabilities for the 28 infants' PSGs differed somewhat according to neurologic examination score. Specifically, subjects with more abnormal (high) examination scores were more likely to transition from active sleep to quiet sleep than those with normal (low) examination scores (t test p 5 0.02). The Spearman correlation of active to quiet sleep transition probability with Thompson score was significant (rho 5 0.5, p 5 0.006; figure 2) . A bootstrap calculation of this Spearman correlation using 1,000 subsamples yielded rho 5 0.5 with standard error 5 0.005. DISCUSSION This study shows that among late preterm and term neonates with risk factors for seizures, several PSG measures, including the proportion of time spent in quiet sleep, EEG delta power during quiet sleep, sleep-wake state entropy, and the probability of transitioning from active to quiet sleep, are associated with neurologic examination scores. These novel findings combine to suggest a new hypothesis: generation of shorter periods of quiet sleep, with more intense slow wave (delta) EEG activity during those periods, may be markers of healthier neonatal neurologic function. Conversely, infants with compromised neurologic status may exhibit increased "pressure" to generate quiet sleep, as manifested by longer time in this state, lower sleep-wake state entropy, and tendency to terminate active sleep with quiet sleep, rather than wakefulness or indeterminate sleep.
PSG recording in neonates is technically challenging and not often undertaken in the NICU. Typically, clinical PSG interpretation for infants is heavily focused on the identification of sleep-disordered breathing (e.g., central or obstructive sleep apnea). However, the rich data recorded by PSG are amenable to much more refined analyses, as demonstrated here. Such analyses can provide objective and dynamic measures of neonatal brain function.
We demonstrate that the fraction of quiet sleep and the EEG delta power during quiet sleep are interrelated. Other authors have reported differences in EEG delta power among healthy preterm vs term newborns (across several sleep stages) 9 and between small for gestational age vs appropriate for gestational age term neonates without overt cerebral dysfunction (without mention of sleep stage). 10 Increased fraction of quiet sleep in the first days of life was associated with lower motor development scores at 6 months of age in a study of healthy term newborns. 11 Similarly, increased time in quiet sleep has been described among newborns with suspected hypoxic ischemic encephalopathy, compared with healthy controls, prior to the era of treatment with therapeutic hypothermia. 12 Here, we expand these observations to sick neonates with a variety of risk factors for cerebral dysfunction, including 8 infants with hypoxic ischemic encephalopathy who were treated with therapeutic hypothermia. We also add sleep-wake state entropy and sleep stage transition probability as objective measures of CNS function, which may distinguish those with cerebral dysfunction from those with normal neurologic status.
Others have described additional quantitative analyses of amplitude-integrated EEG, including approximate entropy, that may distinguish between neonates with moderate vs severe hypoxic ischemic encephalopathy, but previous authors did not relate these findings to sleep-wake cycling. 13 An advantage of our methodology is that analyzing the variation of the sleep stages, as opposed to the raw EEG, provides a metric from data that are typically available for clinically indicated PSGs (i.e., the sleep stage scoring file). This might enable more rapid clinical translation of our work. Measures of entropy are appealing for the analysis of sleep-related data, as they are designed to quantify the complexity and predictability of periodic patterns. 14, 15 We demonstrated that infants with low sleep-wake entropy had worse neurologic examination scores. We speculate that low sleep-wake state entropy reflects an important loss of physiologic variability. Other forms of diminished physiologic variability have been reported as markers of critical illness for neonates. For example, reduced heart rate variability was associated with increased morbidity in preterm infants, 16 and decreased systemic regional oxygen saturation variability (measured with near-infrared spectroscopy) was associated with worse short-term outcome in neonates with hypoxic ischemic encephalopathy. 17 Among older infants and children, abnormal sleep physiology, identified by symptoms of sleep-disordered breathing, is associated with adverse long-term neurobehavioral outcomes. 1, 2 In a population-based study, symptoms of sleep-disordered breathing in infancy, even after subsequent resolution for several years, was associated with a 40% increased odds of behavioral morbidity (especially hyperactivity) at ages 4 and 7 years. 2 In multivariate analyses, the impact of sleep-disordered breathing was greater than several traditionally recognized social risk factors for adverse behavioral outcomes, including mother's education, maternal smoking, and paternal employment. These data suggest that for older infants and children, abnormal sleep is a biomarker of cerebral dysfunction and, equally important, may be a contributing factor to suboptimal neurodevelopmental outcomes. For newborns, at a critical stage of brain development, sleep physiology may provide similarly robust biomarkers of neurologic function. Given the neonatal brain's exquisite vulnerability to injury, detrimental effects of sleep disruption could be even more potent.
A study of low-risk preterm infants, without significant intraventricular hemorrhage or other relevant comorbidities, corroborates this hypothesis. Based on 4 hours of behavioral observation of sleep-wake stages, without formal PSG, infants with abnormal sleep regulation, compared to infants with mature behavioral state organization, subsequently scored lower on early childhood measures of cognitive, verbal, and executive functioning. 18 These findings were independent from birthweight, illness severity, and gestational age. Combined with our data, these observations suggest that quantitative assessment of neonatal sleep dysregulation could provide worthwhile, objective measures of risk for adverse neurodevelopmental outcomes. Wellpowered studies with long-term follow-up are needed, to determine whether neonatal sleep dysregulation is an indicator of concurrent cerebral dysfunction (poor Table 3 During quiet sleep, increased EEG delta power was associated with lower (more normal) Thompson sleep generated by an already abnormal brain), a mediator of long-term brain development (poor sleep contributing directly to aberrant development), or a more complex combination of these 2 scenarios.
Our study has some limitations. This research involved intensive evaluation of each critically ill infant, and therefore necessarily focused on a somewhat limited sample size, as have previous studies on this patient population. 19, 20 Recording formal PSGs in normal healthy control infants would be instructive, as factors that affect sleep-wake cycling may differ between sick and healthy infants. However, practical barriers to recruitment of healthy newborns for 8 to 12 hours of intensive monitoring are significant. Furthermore, characterization of sleep regulation in critically ill neonates provides data directly relevant to this important patient group. Longitudinal follow-up of these infants is ongoing, to validate quantitative neonatal sleep measures as mediators of long-term neurodevelopmental outcomes. Whether quantitative sleep state analyses will provide clinically useful prognostic markers that provide value beyond the clinical examination, neuroimaging, and EEG findings for at-risk neonates remains to be determined. Analyses of PSG, such as the approach we describe here, potentially could provide quantitative measures of efficacy for neurotherapeutic interventions. For example, EEG-sleep complexity appears to be improved by a skin-to-skin ("kangaroo care") intervention for preterm infants. 21 Strengths of this study include the use of full, attended PSG performed at the NICU bedside of 28 critically ill neonates. Standardized PSG scoring by a single experienced technologist and review by a board-certified sleep medicine physician was strengthened by blinding these individuals to the neurologic status of the subjects. A unique aspect of our work is the focus on quantitative PSG measures that could be replicated at other sites with a level of reliability that exceeds what can be achieved by human visual scoring.
The use of real-time parameters recorded at the NICU bedside, such as sleep-wake cycling data, as opposed to static measures (e.g., MRI of the brain),
Figure 2
Sleep-wake stage transition probabilities for 28 critically ill neonates
Sleep-wake stage transition probabilities for 28 critically ill neonates monitored with polysomnography. Those with Thompson scores at or below the group median (i.e., ,5; n 5 15) are represented in panel A, while those with more abnormal scores (higher than the median, i.e., $5; n 5 13) are displayed in panel B. Numerical values in the figure are mean transition probabilities, with standard error in parentheses. Infants with higher (more abnormal) examination scores in comparison to those with lower (more normal) scores were more likely to transition from active sleep to quiet sleep (indicated with * in the figure; t test p 5 0.02 for difference in mean transition probabilities). The Spearman correlation of active to quiet sleep transition probability with Thompson score was rho 5 0.5, p 5 0.006. The EEG power at higher frequencies did not correlate with examination scores (p . 0.05, crosses).
